The purpose of this study was to examine the association between amount and distribution of body fat and LV hypertrophy and systolic dysfunction in aortic stenosis (AS) patients. The increased total adiposity as well as a high proportion of visceral adipose tissue (VAT) are both associated with LV hypertrophy, independent of AS severity and hypertension. The excess VAT and a high proportion of VAT relative to total adipose tissue are independently associated with impaired LV systolic function in AS.
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Brief Summary
The purpose of this study was to examine the association between amount and distribution of body fat and LV hypertrophy and systolic dysfunction in aortic stenosis (AS) patients. The increased total adiposity as well as a high proportion of visceral adipose tissue (VAT) are both associated with LV hypertrophy, independent of AS severity and hypertension. The excess VAT and a high proportion of VAT relative to total adipose tissue are independently associated with impaired LV systolic function in AS.
INTRODUCTION
The pressure overload associated with aortic stenosis (AS) and/or systemic arterial hypertension leads to the development of left ventricular hypertrophy (LVH). LV hypertrophy has been linked to occurrence of LV diastolic and systolic dysfunction, 1 increased risk of cardiac events, [2] [3] [4] higher operative risk for aortic valve replacement (AVR) and worse long-term outcomes 5 in the AS population.
In the SEAS trial (Simvastatin Ezetimibe in Aortic Stenosis), larger body mass index, a crude marker of total adiposity, was associated with LV hypertrophy in patients with asymptomatic AS, independent of AS severity and presence of concomitant hypertension. 6 In the ASTRONOMER trial (Aortic Stenosis Progression Observation: Measuring Effects of Rosuvastatin), we reported that metabolic syndrome and insulin resistance were associated with higher prevalence of concentric LVH and more pronounced impairment of LV systolic function at baseline as well as with faster progression of LVH during follow-up. 7, 8 Lindman et al. also reported an association between type 2 diabetes and LV hypertrophy and dysfunction in patients with severe AS. 9 Because of its strong link with insulin resistance and type 2 diabetes, we hypothesized that excess visceral adiposity could be one of the key factors underlying the clinical association between obesity, metabolic syndrome, or diabetes and the development of LV hypertrophy and dysfunction in the AS population. The respective contributions of total versus visceral adiposity to variation in LV geometry and function among AS patients remain unknown. The objective of this prospective study was thus to examine the association between the content and distribution of body fat and the presence of LV hypertrophy and systolic dysfunction in patients with AS.
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METHODS
Patients with AS recruited in the PROGRESSA study (Clinical Trial register: NCT01679431) underwent comprehensive Doppler-echocardiography to assess aortic valve morphology and function, LV geometry and function, and global LV hemodynamic load. Moreover, the amount and distribution of body fat were evaluated by body mass index (BMI) and waist circumference, as well as by computed tomography (CT) with the analyses of cross-sectional images of the abdomen at the L4-L5 intervertebral space. Detailed description of the methods is available in the Online Supplementary Materials.
Statistical Analysis
Continuous data were expressed as mean ± standard deviation. 
creatinin level (LVMi only), peak aortic jet velocity, and valvulo-arterial impedance.
Standardized regression coefficients were presented as mean ± standard error (βeta coeff ± SE).
Given the high level of correlations between parameters of adiposity, multivariate models were inspected for multicollinearity by calculating the Variance Inflation Factor. A p value < 0.05 was considered statistically significant for all statistical analyses.
RESULTS
Population Characteristics
Among the 124 patients included in this study, mean age was 67±13 years, 73% were men and 71% had systemic arterial hypertension, 40% presented coronary artery disease, 67% (Table S1 in Online Supplementary Materials).
Body Fat Content and Distribution
In the overall sample, BMI was 28.3±4.4 kg.m -2 and waist circumference was 100±13 cm. The CT-derived adiposity variables were: TAT: 482±169 cm 2 , SAT: 273±103 cm 2 , VAT: 209±104 cm 2 and VAT/TAT ratio: 0.42±0.11 (Table S1 in Online Supplementary Materials).
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Association between Adiposity Parameters and LV Hypertrophy
In univariate analysis, higher values of BMI (p<0.0001), waist circumference (p=0.0002), TAT (p=0.002), VAT (p<0.0001), and VAT/TAT ratio (p=0.0003) were significantly associated with larger LVMi whereas SAT was not (p=0.33) ( Table S2 in Online Supplementary Materials).
After adjustment for clinical and echocardiographic data, BMI, waist circumference, TAT, VAT, and VAT/TAT ratio remained associated with larger LVMi ( There was no significant interaction between BMI and VAT/TAT ratio and these 2 parameters thus had additive but not synergistic effects on LVMi.
Association between Adiposity Parameters and LV systolic dysfunction
In univariate analysis, BMI (p=0.25) was not associated with reduced LVEF and waist circumference was of borderline significance (p=0.05). VAT (p=0.04) and VAT/TAT ratio (p=0.03) were the only adiposity parameters associated with reduced LVEF (Table S3 in Online Supplementary Materials). After adjustment for clinical and echocardiographic data, VAT and VAT/TAT ratio remained associated with lower LVEF (Table S3 in Online Supplementary Materials). However, after including both indices in the multivariate model, none of them reached statistical significance (Table S3 in Online Supplementary Materials; model R² = 0.14).
In univariate analysis, VAT/TAT ratio (p=0.009) was significantly associated with reduced GLS and there was a trend for association with VAT (p=0.07). After adjustment for clinical and echocardiographic data, both VAT and VAT/TAT ratio were associated with lower GLS. When both parameters were included in the multivariate model, only VAT/TAT ratio remained independently associated with impaired GLS (Table S4 in Tables S3 and S4 (Online Supplementary Materials).
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After dichotomisation (median value) of VAT and VAT/TAT ratio, the patients with both high VAT and high VAT/TAT ratio had significantly lower GLS compared to those with high VAT but low VAT/TAT ratio as well as those with low VAT and low VAT/TAT ratio ( Figure 2 , Panel C). In addition, patients with low VAT and high VAT/TAT ratio also had lower GLS compared to those with high VAT and low VAT/TAT ratio. There was no significant interaction between VAT and VAT/TAT ratio with regards to impact on GLS and the effects of these 2 adiposity parameters were solely additive.
DISCUSSION
The main findings of this study are: (1) Increased total adiposity as well as a high proportion of visceral adipose tissue are both associated with LVH, independent of AS severity and hypertension; (2) Excess VAT and a high proportion of VAT relative to TAT are independently associated with impaired LV systolic function in AS, whereas excess total adiposity is not; (3) SAT is not associated with LV hypertrophy or dysfunction.
Amount and distribution of body fat versus LV hypertrophy
In patients with AS, LVH compensates for pressure overload. However, the magnitude of LVH is highly variable from one patient to another and may often become inappropriately high for the level of stroke work. Hence, severe LVH has been linked to worse outcomes in patients with AS. 1, [3] [4] [5] 10 In the SEAS study after correction for stenosis severity and hypertension, a greater BMI was associated with the presence of LVH. 6 The present findings endorse and extend these previous findings. Larger BMI was indeed the most powerful predictor of higher LV mass even after M A N U S C R I P T
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Obesity produces an increment in total blood volume and cardiac output that is caused in part by the increased metabolic demand induced by excess body weight. Thus, at any given level of activity, the cardiac workload is augmented in obese subjects. In the Strong Heart Study, the cardiac output was 20 to 40 % higher in obese individuals compared to lean individuals of the same height. 11 In the context of AS, this increase in stroke volume associated with obesity may result in a substantial increase in gradient and thus in pressure overload, given that the gradient is a squared function of flow. In addition, in obese patients, the Frank-Starling curve is shifted to the left because of incremental increases in left ventricular filling pressure and volume, which over time may produce chamber dilation and LVH. The findings of the present study show that total adiposity is the most important metabolic determinant of LVH in patients with AS.
Furthermore, these findings also demonstrate that besides the total amount of body fat, the regional distribution of adipose tissue also plays an additive role in the development of LVH.
Indeed, in the present study, a greater proportion of VAT relative to TAT was associated with LVH independently of BMI.
Visceral obesity has been linked to insulin resistance and to a cluster of metabolic abnormalities often referred as the metabolic syndrome. 12 In the ASTRONOMER study, we reported that metabolic syndrome and insulin resistance were associated with higher prevalence of LV concentric hypertrophy at baseline and faster progression of LVH during follow-up in patients with mild to moderate AS. 7, 8 In a cross-sectional study of patients with severe AS undergoing valve replacement, Lindman et al. showed that type 2 diabetes is associated with more pronounced LV hypertrophy and worse systolic function. 9 Visceral obesity, metabolic syndrome, and diabetes are associated with hypertension and, in turn, hypertension may contribute to
LVH. 13 However, in the present study, VAT and VAT/TAT ratio remained associated with increased LVMi, independently of the diagnosis of hypertension, the systolic blood pressure, and the valvulo-arterial impedance, suggesting that other factors related to visceral obesity and ensuing insulin-resistance may be involved in the development of LVH in AS. To this effect, it should be emphasized that insulin resistance is one of the predominant metabolic abnormalities associated with visceral obesity and insulin resistance may promote myocardial hypertrophy and fibrosis through several signaling pathways including Akt, TGF-β, and PPAR. 14 Moreover, a recent study in a large US population reported an association between plasma concentration of free fatty acid, which is typically elevated in patients with visceral obesity, and the incidence of heart failure. 15 The findings of this study thus suggest that development of LV hypertrophy in AS patients is not solely determined by the magnitude of LV pressure overload, but is also, in large part, related to the total amount as well as the regional distribution of body fat.
Amount and distribution of adiposity versus LV systolic dysfunction
In the ACC/AHA-ESC guidelines for the management of AS, LV systolic dysfunction is defined solely by the LVEF. However, LVEF is also influenced by LV geometry and it underestimates the extent of myocardial systolic dysfunction in presence of LV concentric hypertrophy, as is often the case in patients with AS. Accordingly, several studies report that up to one third of asymptomatic patients with preserved LVEF have a significant impairment of intrinsic myocardial systolic function as documented by parameters of LV longitudinal function. [16] [17] [18] Furthermore, these parameters have been shown to be superior to LVEF to predict adverse outcomes in AS. [16] [17] [18] [19] [20] From a pathophysiological standpoint, these data are consistent with the concept that the increase in wall stress and intra-myocardial pressure as well as the reduction in M A N U S C R I P T
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As opposed to what was observed for LVH, total adiposity does not appear to be significantly associated with the LV systolic dysfunction in AS. In fact, the VAT and VAT/TAT were found to be the main adiposity parameters associated with reduced LVEF and GLS in this study. The effect of these parameters appears to be additive but not synergistic. These associations persisted after adjustment for stenosis severity, hypertension, and global hemodynamic load.
Chronic LV pressure overload induces a shift in myocardial substrate oxidation from free-fatty acids (FFA) towards carbohydrates. 21, 22 In a myocardium already confronted to reduced FFA oxidation because of pressure overload, insulin resistance linked to visceral obesity may further enhance FFA supply, and thereby aggravate the accumulation of triglycerides within the myocytes. 21 This inappropriate accumulation of lipids in the hypertrophied myocardium may result in contractile dysfunction and eventually cell apoptosis (i.e. lipotoxicity phenomenon).
23
To this effect, Mahmod et al. reported that pronounced myocardial steatosis is present in patients with severe aortic stenosis and is independently associated with reduced LV systolic function. 22 Marfella et al. also found that among patients with severe AS, those with metabolic syndrome have more pronounced myocardial steatosis and this was associated with lower LV ejection fraction. 24 The other mechanisms that could explain the independent association between visceral obesity and LV systolic dysfunction in AS include the following: i) Excessive epicardial fat may secrete locally acting cytokines and/or adipokines that may alter myocardial function; 25 ii) Visceral obesity and metabolic syndrome associated with impaired coronary microvascular function, which may, in turn, negatively impact myocardial perfusion and function.
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Clinical Implications
The present findings highlight that AS patients with larger BMI are prone to develop pronounced LVH. Furthermore, besides total adiposity, preferential lipid deposition in the visceral adipose tissue compartment predisposes to LVH and systolic dysfunction. BMI and waist circumference are largely parameters of total obesity, which are easily measurable in the clinical setting but cannot distinguish visceral from subcutaneous adiposity. As proposed by Lemieux et al., excess visceral adiposity may, however, be identified by the simultaneous presence of an elevated waist circumference combined with fasting hypertriglyceridemia (i.e. hypertriglyceridemic waist). 26 The use of imaging techniques such as CT and magnetic resonance imaging have improved our ability to precisely and reliably quantify individual differences in body fat distribution and to selectively distinguish subcutaneous adiposity from visceral abdominal adipose tissue. 27 The results of this study therefore suggest that excess visceral adipose tissue distribution may represent an early index of dangerous ectopic lipid deposition linked to altered myocardial lipid metabolism and eventually to impaired ventricular geometry and function. Other studies reported that the metabolic abnormalities linked to visceral obesity (i.e. metabolic syndrome and type-2 diabetes) are associated with increased prevalence of aortic valve calcification, 28, 29 faster progression of AS, 30 and faster degeneration of aortic bioprosthetic valves. 31 As lifestyle modification programs including regular physical activity have been shown to mobilize visceral adipose tissue and ectopic fat depots, 27 it is suggested that lifestyle modification interventions may represent interesting early options to halt or slow disease progression at both the valvular and ventricular levels in patients with AS. Considering the limited therapeutic options for AS, randomized trials may be conducted to test the added value of prevention program targeting excess visceral/ectopic adiposity for the reduction of disease progression rate and cardiovascular events.
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Study Limitations
The design of the study was cross-sectional and our observations do not imply causality.
Longitudinal studies will be needed to examine the impact of the amount and distribution of body fat on the evolution of LV hypertrophy and function and on patients' outcomes. Given the relatively small sample size, some of the models may be slightly overfitted. Furthermore, in future studies, it would be interesting to include a control group of patients with similar levels and distribution of adiposity but no aortic stenosis.
The data of GLS was not available in all patients due to poor quality images or inadequate frame rate, which could introduce a selection bias in the analysis of this end-point. Nonetheless, the characteristics, and in particular the adiposity parameters, of the patients with or without GLS data were similar. In this study, we analyzed the association between the amount and distribution of fat on the most commonly used Doppler-echocardiographic parameters of LV geometry and function (i.e. LVMi, LVEF, and GLS). Further studies are needed to examine the relationship between adiposity parameters and: i) regional LV wall thickness and strain; ii) LV rotation.
CONCLUSION
The results of this study suggest that obesity (reflected by larger BMI) as well as excess visceral adiposity (reflected by higher VAT/TAT ratio) are independently associated with LV hypertrophy in AS patients. On the other hand, impairment of LV systolic function does not appear to be influenced by total adiposity per se but rather by excess visceral adiposity. These 
METHODS
Patient Population
Patients with AS recruited in the PROGRESSA study (Clinical Trial register: NCT01679431) underwent Doppler-echocardiography and computed tomography (CT) within one month.
Inclusion criteria were age >21 years old and peak aortic jet velocity >2.5 m.s -1 . Patients were excluded if they had symptomatic AS, moderate to severe aortic regurgitation or mitral valve disease (mitral stenosis or regurgitation), LVEF <50%, and if they were pregnant or lactating.
The study was approved by the Ethics Committee of the Quebec Heart and Lung Institute, and patients signed a written informed consent at the time of inclusion.
Clinical data
Clinical data included age, gender, weight, height, body mass index (BMI), waist circumference, The measurement of GLS was not feasible in the remaining patients due to poor image quality and/or insufficient frame rate. However, patients with GLS data available had similar characteristics, and particularly adiposity parameters, compared to those with missing GLS data.
Intra-and inter-observer variability were 6% and 7.5%, respectively. 
Global
Study End-Points
The study end-points were LV hypertrophy assessed by LVMi and LV systolic dysfunction assessed by LVEF and GLS. Legend: VAT: visceral adipose tissue; TAT: total adipose tissue; βeta coeff. is the standardized regression coefficient ±SE. *: Association between each individual adiposity parameter and LV global longitudinal strain with adjustment for clinical and echocardiographic data: i.e. age, gender, hypertension, systolic blood pressure, coronary artery disease, peak aortic jet velocity, and valvulo-arterial impedance. ¶: Association between adiposity parameters and LV global longitudinal strain with adjustment for clinical and echocardiographic data as well as other significant adiposity parameters. The adiposity parameters entered in this model were those with a p value<0.05 after adjustment for clinical and echocardiographic factors.
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